Maize (Zea mays L.) for northern growing areas requires cold tolerance for extending the 2 vegetative period. Our objectives were to evaluate two large panels of maize inbred lines 3 adapted to Europe for cold tolerance and to estimate the effects of cold-related traits on 4 biomass production. Two inbred panels were evaluated for cold tolerance per se and in 5 testcrosses under cold and control conditions in a growth chamber and under field 6 conditions. Comparisons of inbreds and groups of inbreds were made taking into account 7 the SNP-based genetic structure of the panels, and the factors affecting biomass 8 production were studied. Eight flint and one dent inbreds with diverse origins were the 9 most cold tolerant. The most cold tolerant dent and flint groups were the Iodent Ph207 10 and the Northern Flint D171 groups, respectively. The relationships between inbred per se 11 and testcross performance and between controlled and field conditions were low.
solved the problem so far (Leipner et al., 2008) . Although several studies have identified 1 QTLs for cold tolerance, most of them were not reliable enough for marker-assisted 2 selection and were associated with secondary traits such as chlorophyll content or function were consistent when clearly distinct parents of the segregating population under study 6 were used (Presterl et al., 2007) . Genome selection has recently been suggested by Strigens explaining between 5.7 and 52.5% of the phenotypic variance for early growth and 10 chlorophyll fluorescence. They propose the use of whole genome prediction approaches 11 rather than classical marker assisted selection to improve the chilling tolerance of maize.
12
Other major obstacles for breeders are that cold tolerance has large experimental 13 errors, a strong genotype by environment interaction, and a complex genetic regulation
Material and Methods

1
Plant material: inbred lines of the flint and dent panels and their genetic structure 2 Two panels of maize inbred lines adapted to European conditions, consisting of 3 306 dent and 292 flint inbred lines, were evaluated per se (Appendix 1) and in testcrosses 4 (Appendices 2 and 3). The panels were built from the collections of Spanish, French, and 5 German breeders involved in this research. They come from Western Europe and the 6 USA. The inbreds are public and have been released throughout the history of maize 7 breeding. The inbreds were chosen based on diversity and adaptation to the range of 8 European conditions. Although the range of environmental conditions is wide, the 9 European area represented here has some common characteristics; namely it is temperate 10 with short growing cycles and cold springs. Seed of the inbreds per se was multiplied by 11 each station and sent to Pontevedra (Spain) for evaluations. The dent inbreds were crossed 12 to the flint tester UH007 and the flint inbreds to the dent tester F353 in a winter nursery in testcross were used in each growth chamber trial). Each seed was sown in a cell with a 10 surface of 3 cm x 2.5 cm and 5 cm depth; therefore, average distances were 3 cm between 11 seedlings within each column and 2.5 cm between seedlings within each row. The 12 experiments were watered after planting; afterwards the trials were watered as needed. . Distance between shelf and fluorescent lamps was 0.5 m.
19
In both the inbred per se and the testcross trials, data were recorded at the three-leaf (ΦPSII) recorded using an OS-30p Chlorophyll Fluorometer (Opti-Sciences, , Tyngsboro, weight we scored early vigor using a visual scale from 1=weak plants to 9=vigorous plants. 1 For the traits recorded at the three-leaf stage, each trait was taken simultaneously for all 2 plants. Indeed, simultaneous measurements of a trait in several plants produce distortions 3 as does the measurements of the same trait in different days. We choose the day for 4 measurements based on the average development of the trial as a whole, as most breeders 5 do because it is more precise to carry out simultaneous harvests than picking plants from 6 the plots individually as they reach the appropriate stage. Field trials 9 The main trials were carried out in the growth chamber, with field trials as 10 references for testing the performance of the flint and dent panel testcrosses in the field.
11
These field trials were used also for comparing the evaluation under control conditions 12 with a real control in the field under normal conditions.
13
The 595 testcrosses (306 dents and 289 flints) were evaluated in field trials during 
15
This location has a humid climate with an annual rainfall of about 1600 mm. The soil is a 16 humic cambisol with a sandy loam texture (53% sand, 28% silt, 18% clay). A previous 17 analysis showed that the soil had 12.3% moisture, 9% organic matter, and pH=6.6. The 18 weather in this location during these years was favorable for maize growth; therefore, field Likewise, the 306 dent testcrosses were evaluated in 18 blocks (nine included the early 1 testcrosses and nine included the late testcrosses) with 20 entries per block and a total of 2 360 experimental plots; in each block 17 entries were unrepeated and three were repeated 3 once elsewhere throughout the other blocks; the 54 replicated testcrosses were used for 4 estimating the experimental error.
5
Each experimental plot consisted of one row with 27 hills per row and two grains 6 per hill. Rows were spaced 0.80 m apart and hills were spaced 0.14 m apart. Hills were 7 thinned to one plant, achieving a final plant density of approximately 90,000 plants ha -1 .
8
Currently accepted management and cultural practices were used in both trials and trials 9 were harvested at physiological maturity. We measured percentage of emergence, early 
Statistical analysis
16
To analyze growth chamber trials, analyses of variance over control and cold 17 conditions were performed for dent inbreds, flint inbreds, dent testcrosses, and flint conversely, the lines that were not significantly different from the worst inbred for all traits 3 were considered the most cold susceptible. 4 Analyses of variance for the field trials over years were performed for each trait.
5
The testcrosses of the flint and dent panels were analyzed separately; the source of 6 variation 'years' was considered random and 'genotype' fixed. Least square means were 7 estimated for each trait. The analyses were made using the GLM procedure of SAS (SAS Correlation analyses between traits were calculated by using the CORR procedure 10 of SAS. Besides, regression analyses were made by using dry matter yield at harvest or dry Therefore, inbreds with scores on PC1 ≥0 and PC2 ≤ 0 are cold tolerant. inbreds per se and cold and control conditions were analyzed separately.
Results and discussion
1
Evaluation of inbreds per se: flints vs. dents 2
In the present study the analyses of variance over cold and control environmental 3 conditions in the growth chamber confirmed that environments were significantly different 4 and that the genotype × environment interactions were significant (P < 0.05) for the four 5 traits in both flint and dent panels (results not shown). In the combined analyses, 6 differences among inbreds were significant (P < 0.05) for chlorophyll content and early 7 vigor, and not significant for days to emergence or ΦPSII both in the flint and dent panels. The analyses of variance by panel and growth condition showed that the differences among 9 dent inbreds were highly significant (P < 0.001) for all traits under both cold and control 10 conditions. The differences among flint inbreds were also significantly different (P < 0.001) 11 for all traits except days to emergence with P < 0.01 under cold conditions and P < 0.05 12 under control conditions.
13
The dent inbreds evaluated per se germinated earlier and had a higher early vigor 14 than the flints, but the flints had more chlorophyll and a higher ΦPSII than the dents 15 (Table 1 , Appendix 1). When performances under control and cold conditions were 16 compared, flints had a larger increase in days to emergence and smaller reductions in 17 chlorophyll content and ΦPSII than dents, while the decrease in early vigor was similar 18 between dents and flints (Table 1) . Flints and dents did not behave consistently as European conditions have diverse mechanisms underlying that adaptation. Revilla et al.
11
(1998) pointed out that the origin of a variety in a cold region does not warrant cold 12 tolerance, because genotypes with short growing cycle escape cold temperatures when 13 planted late.
14
Evaluation of inbreds per se: variability within panels
15
The genetic diversity and the genomic relationship matrix showed that the diversity 16 was higher in the dent than in the flint panel (Rincent et al. 2012 ). Most of the coefficients 17 of similarity between inbreds were low, but there were some pairs of closely related 18 inbreds. In the present study we made sets of inbreds with close genetic relationships 19 within each group (see below). There was no consistency for cold tolerance within each set 20 except for those sets with few inbreds that were all cold susceptible. However, most 21 inbreds were cold susceptible and, therefore, most sets were also cold susceptible, except 22 one mixed set that had four cold susceptible inbreds (UHF084, UHF105, UHF070, and 23 UHF082) and six cold tolerant inbreds (UHF093, UHF098, UHL058, UHF023, UHF091, 24 and UH006). Table 2 ). The most cold tolerant group was NF D171 (except for 11 chlorophyll content), and the most cold susceptible was No NF; the Southern EC18 group 12 had the highest chlorophyll content and ΦPSII under cold conditions.
13
When looking at individual inbreds, the nine most cold tolerant inbreds (those that 14 were simultaneously not significantly different from the best inbred for the four traits) were 15 EV18, UHL058, CH34, UHP024, EC51, F364, FV71, F471, and UHF043 (Table 3) . Eight 16 of them were flint and one was dent, supporting the conclusion that European Flints are 17 more cold tolerant than Corn Belt Dents. In this outstanding group three inbreds were 18 from Germany, three from France, two from Northern Spain, and one from Switzerland.
19
Therefore, European flint material is at large promising for finding sources of tolerance to 20 cold conditions. Among the 92 inbreds that were not significantly different from the best 21 inbred for three traits, flints and dents were similar as there were 47 flints and 45 dents.
22
The inbreds with less than nine days from sowing to germination under cold conditions 23 were D09, EV23, EZ53, F922, A310, and UHF018, although many others were not 24 significantly different (Appendix 1). Inbreds with a chlorophyll content above 10 were 25 EV18, EP1, FV75, EC237, and EP66. ΦPSII was over 0.650 for EC237, UN2065, EC248, UHP042, EV18, EC242C, PB57, and F471. Finally, the early vigor score was higher than 5 
In the principal components, inbreds with scores on PC1 ≥0 and PC2 ≤ 0 are cold 23 tolerant ( Figure 1, Appendix 5 ). Considering inbreds with PC1≥2 and PC2 ≤-1, the most 24 cold tolerant flint inbreds were EV18, UHL058, F471, UHL048, EC51, F364, CO255, 25 CH34, UH006, H113-379, UHF093, and UHF091, and the most cold tolerant dent inbreds were UHP024, LH85, EP74, FV335, PHT77, UH2551, EC140, UHP033, EZ19, and 1 Pa374. These selected groups based on the principal component analysis agreed reasonably 2 with the previous selection based on mean comparisons among groups (K=6), although 3 the agreement between both criteria was better for the flints than for the dents. 4 Furthermore, the dent inbreds had on average lower scores in PC1 than the flint inbreds; 5 therefore, we expect that dents would be more cold susceptible than flints.
6
Among the inbreds of these panels, some were included in large flint and dent half 7 sib panels (Bauer et al., 2013) . Some of the parents of the dent half sib panel were cold 8 tolerant based on our present data (Table 3) , namely the dent inbreds D06, Mo17, and 9 UH304, and the flint inbreds UH007, D152, and UH006. Considering that the common 10 parent of the flint half sib panel (UH007) was cold tolerant, the half sib panels provide 
Evaluation of testcrosses 7
The analysis of variance for testcrosses combined over panels and environments in 8 the growth chamber revealed significant differences among testcrosses for chlorophyll and 9 biomass in the V3-stage. The genotype × environment interaction was not significant for 10 days to emergence and for ΦPSII in both dent and flint panels (results not shown). For 11 chlorophyll content, both the differences between testcrosses and the genotype × 12 environment interaction were significant in both panels. Finally, for biomass in the V3-13 stage, differences among testcrosses were significant but the genotype × environment 14 interaction was not significant in both panels. content. Therefore, it was difficult to find differences between testcrosses in the dent 24 panel. The dent tester F353 was not evaluated per se so we do not know its performance 25 under cold conditions. Furthermore, as both panels were crossed to different testers, 1 comparisons between flints and dents are not possible.
2
In the cold chamber, the testcross with highest cold tolerance was EC35G × F353 3 and did not significantly differ (P < 0.05) from the best testcrosses for any of the four traits 4 (Table 4 ). EC35G was also among the inbreds with high cold tolerance per se (Table 3) .
5
There were other inbreds that were cold tolerant both per se and in testcrosses, namely 6 CH34, CH16.1-295, UHP017, and F670 (Tables 2 and 3 ). However, most inbreds with We evaluated testcrosses from the flint and the dent panels in separate but adjacent Analyzing separately flint and dent panels, correlations were above 0.5 for chlorophyll were not clearly associated with performance in the field. However, evaluations in the field 12 were closer to optimum than to cold conditions and the evaluation of testcrosses provides variables. Most of the latter had significant effects on dry matter yield and were consistent 21 over panels in the field, and also in the control and under cold conditions, although only 22 chlorophyll content explained more than 5% of the variability (data not shown). When the 23 dependent variable was early dry weight, the only trait with a relevant significant effect was 24 early vigor that explained around 27% of the variation (data not shown).
25
Regression analyses were carried out considering dry matter yield of testcrosses in 1 the field as the dependent variable and the rest of traits as the independent variables.
2
Multiple regression with a stepwise selection method for both panels and considering 3 inbreds and testcrosses as independent variables revealed that the main factor affecting dry Frascaroli and Landi (2013) concluded that inbred performance could be used to predict 7 testcrosses germination measured as the difference between cold and control conditions, although most previous studies have stated that the ability to predict hybrid performance 9 from inbred value was limited. Certainly, the relationship between inbreds and testcrosses 10 for cold tolerance depends on the genotypes, the testers used, and the environments 11 involved.
12
Conclusions
13
There is large variability for cold tolerance among the inbred lines adapted to
14
European environments. Some of the inbreds investigated in our study can be used as The dent inbreds were crossed to the flint tester UH007 and the flint inbreds to the dent tester F353 
